The time-course of cancellous bone regeneration surrounding mechanically loaded implants affects implant fixation, and is relevant to determining optimal rehabilitation protocols following orthopaedic surgeries. We investigated the influence of controlled mechanical loading of titanium-coated polyether-ether ketone (PEEK) implants on osseointegration using time-lapsed, non-invasive, in vivo micro-computed tomography (micro-CT) scans. Implants were inserted into proximal tibial metaphyses of both limbs of eight female Sprague-Dawley rats. External cyclic loading (60 or 100 mm displacement, 1 Hz, 60 s) was applied every other day for 14 days to one implant in each rat, while implants in contralateral limbs served as the unloaded controls. Hind limbs were imaged with high-resolution micro-CT (12.5 mm voxel size) at 2, 5, 9, and 12 days post-surgery. Trabecular changes over time were detected by 3D image registration allowing for measurements of bone-formation rate (BFR) and bone-resorption rate (BRR). At day 9, mean %BV/TV for loaded and unloaded limbs were 35.5 AE 10.0% and 37.2 AE 10.0%, respectively, and demonstrated significant increases in bone volume compared to day 2. BRR increased significantly after day 9. No significant differences between bone volumes, BFR, and BRR were detected due to implant loading. Although not reaching significance (p ¼ 0.16), an average 119% increase in pull-out strength was measured in the loaded implants. ß
Early stable fixation of implants is paramount in the treatment of many orthopaedic disorders. Methods to increase peri-implant cancellous bone mass, especially in osteoporotic patients, are highly desirable clinically. However, in uncemented implants, direct bone contact to the implant and a robust biological fusion depend on the biological as well as mechanical environments of the implant. Following initial tissue differentiation, adaptation processes occur over time in the periimplant region. [1] [2] [3] [4] Differentiation and adaptation can respond to mechanical loading, thereby affecting osseointegration. 1 Many orthopaedic implants undergo mechanical loading, which is affected by post-surgical rehabilitation protocols. Multiple factors can affect peri-implant tissue stresses and micromotion of the implant relative to the surrounding bone, 5, 6 including physical properties of bone tissue, mechanical interaction between bone and the implant, and the geometry of the implant. [7] [8] [9] Understanding how mechanical loading interacts with normal bone healing is important for designing future implants and biomaterials. Some in vivo mechanical loading studies have shown that immediate application of load during bone regeneration has a beneficial effect on osseointegration. 5, [10] [11] [12] [13] Bone chamber models have been employed 10, 12, 14 to measure de novo bone formation; however, these models do not incorporate adaption of pre-existent bone to mechanical loading. Zhang et al. 15 investigated effects of various controlled high-and low-frequency mechanical loading on peri-implant bone healing in a bicortical rat tibial implant model. Wazen et al. 6 emphasized that the interfacial strain magnitude is a critical factor in the biological response to implant micromotion. However, there are limited experimental models that explore the adaptive response of the bone to controlled mechanical loading. 16 More recently, van der Muelen et al. 16 studied the adaptation of trabecular bone in response to mechanical loading in a rabbit distal femoral condyle model. They concluded that although 4 weeks of applied cyclic compressive loading increased trabecular bone volume fraction and enhanced cancellous bone integration into porous titanium foam implants, it also altered the trabecular architecture. 17, 18 Much of the literature related to loaded implant osseointegration is based on static analysis of single CT/micro-CT scans, histology, or pull-out/push-out tests performed on animals after euthanasia. 4, 19 These methods do not allow investigation of time-varying, 3D bone remodeling processes occurring in the periimplant region including temporal bone formation and resorption. Bone resorption rates have been determined by quantitative histomorphometry, but this technique is 2D in nature and is susceptible to large inter-observer variation. 20 Time-lapsed in vivo micro-CT based studies have been performed previously for tracking changes in bone in response to osteoarthritis drug applications. [21] [22] [23] [24] [25] [26] Schulte et al. 27 characterized the relation between the mechanical environment and bone formation/resorption in tail vertebrae of mice using time-lapsed in vivo micro-CT and micro-finite element (FE) models calculating the local strain distribution. Li et al. 28 characterized spatio-temporal changes of peri-bone remodeling in mice using timelapsed micro-CT. Kettenberger et al. 26 investigated fixation of zoledronate infused implants with in vivo longitudinal micro-CT scans. However, in vivo applications of micro-CT to study response of mechanical loading on peri-implant bone response have been limited. 28, 29 We have developed a novel rat model and imaging protocol that allows us to quantify the time course of peri-implant bone regeneration around loaded and unloaded implants positioned in metaphyseal bone. The analysis of the longitudinal micro-CT scans is based on image registration and analysis of consecutive scans of the same animal that result in identification of locations of resorbed and newly formed bone. Additionally implant fixation strength was quantified.
METHODS

Implant
Sixteen cylindrical polyether-ether ketone (PEEK) implants having major diameter of 0.80 and 8.6 mm in length were fabricated using computer-controlled machining as shown in Figure 1a . The bottom 2 mm-length portion of the implant had a grooved portion with three channels, each with depth of 0.15 mm. The grooved portion of the implant was coated at 2.5 mTorr pressure in an argon atmosphere with titanium (thickness 100 nm at 0.1 nm/s) in a pulsed-dc magnetron sputtering system (CMS-18, Kurt Lesker Inc., Jefferson Hills, PA) operated at 200-W dc power. Three radiopaque glass microspheres (100 mm dia.) were fastened within the grooved portion of the implant, using translucent Momentive RTV 108 silicone adhesive, for use as landmarks for micro-CT image analyses and registration from various time points (Fig. 2a) . These microspheres were fastened within holes precision machined into known 3D positions in the implant as part of the original implant fabrication process. The implant was held in place using a polycarbonate housing which included a housing plate, a nitrile o-ring, and a housing cap (Fig. 1a and b) . The designs of the implant and mechanical loading setup are based partly on the literature 6, 11, 30 but modified to enable the loading of an implant within the proximal rat tibia. The grooved portion of the implant was implanted into proximal tibial metaphyses of both limbs of eight female Sprague-Dawley rats aged 12-14 weeks (250-325 g) (Charles River Laboratories, Wilmington, MA) (Fig. 1c) , while the top larger diameter (3.5 mm) portion of the implant remained percutaneous, covered by the housing cap for external loading.
Animal Model and Surgical Procedure
All animal procedures were approved by Institutional Animal Care and Use Committee of the College of Medicine, Pennsylvania State University. The surgery was performed under aseptic conditions by either A.A., an experienced orthopaedic surgeon, or G.L. with guidance from A.A. Implants were sterilized with 70% ethanol and kept under UV light for 1 h prior to surgery. All of the surgeries were performed under isoflurane anesthesia maintained at 1.5-3% by mask and with Buprenorphine-SR analgesia (1.2 mg/kg) injected subcutaneously prior to surgery. The animals were provided thermal support throughout the surgery. The skin covering the antero-medial side of the tibia was shaved and cleaned with betadine and 70% alcohol pads. A 3 cm skin incision was made, followed by blunt dissection of connective tissue to expose the proximal tibia. The housing plate was placed such that the implant would be positioned 2-3 mm below the proximal tibia growth plate, and fastened with two bicortical titanium screws (1.3 mm dia., 5-6 mm length) (Fig. 1c) . A unicortical 0.9-mm diameter hole was drilled transversely into the metaphyseal bone of the proximal tibia. Each implant was inserted with the nitrile o-ring (to facilitate mechanical loading) placed between the head of the implant and housing plate (Fig. 1b) , and the housing cap was screwed onto the housing plate (Fig. 1b) . The muscle and skin were closed with 4.0 Ethilon 1 nylon sutures (Ethicon, Inc., Somerville, NJ) around the housing cap and thermal support was not withdrawn until the rat was ambulatory after recovering from anesthesia. Post-surgery rats were fed with soft food and allowed to ambulate freely. Custom made restraint jackets (Fig. 2c ) and Elizabethan collars (Kent Scientific Corp, Torrington, CT) were utilized to prevent selftrauma of the implants and incisions. Post-surgery, the animals were checked daily for swelling, exudate, or pain.
Mechanical Loading
Controlled external cyclic loading was applied to one implant in each rat (n ¼ 8) on days 2, 5, 7, 9, 12, and 14 via an electronically controlled mechanical test machine ( Fig. 1d ) (LM1 TestBench, Bose, Eden Prairie, MN). The rat was anesthetized and the limb was supported under the loading actuator. The implant housing cap was fastened into the loading holder with two screws. The loading pin passed through a hole in the housing cap to permit displacement controlled loading of the implant. The actuator cyclically displaced the implant by either 60 (three animals) or 100 mm (five animals), at a rate of 1 Hz, for 60 s at each time point. 5 The peak force (averaged across cycles) was measured using a 22 N load cell (Bose, Eden Prairie, MN). The loaded implant was randomized between left and right limbs while the contralateral limb served as the unloaded control.
Micro-CT Longitudinal Imaging
Rat hind limbs were imaged in vivo with high-resolution micro-CT (VivaCT 40, Scanco, Br€ uttisellen, Switzerland) at 2, 5, 9, and 12 days post-surgery. The animals (n ¼ 8) were kept under isoflurane anesthesia and provided thermal support during the scans, each of which lasted about 20 min. A customized rat holding fixture was designed (Fig. 2b) to image both limbs simultaneously and minimize the number of scans on each animal. The implant and surrounding bone were imaged using following scanning parameters: 12.5 mm voxel size at 70 kV, 145 mA, 250 ms integration time, 420 slices.
3D Image Registration and Analysis
Micro-CT scans from various time points from a single limb were adjusted for contrast using a consistent window and converted to 8-bit image files. Scans were imported into Avizo software (VSG US, Burlington, MA). After transforming the scan from the first time point to a standardized 3D pose with the implant's longitudinal axis at x ¼ y ¼ 0 and aligned with the z direction, the scans were registered together in 3D by a least-squares landmark-based registration using the three radiopaque microspheres within the implant. The registered stacks were then imported into a custom Matlab code (Mathworks, Natick, MA). Image volumes were cropped to a 300 Â 300 square matrix (3.75 Â 3.75 mm), filtered using a Gaussian filter, 31 and then registered with the image volume from the previous time point (Fig. 3a) . This registration used a Matlab rigid grayscale intensity-based transformation routine with mutual information metric and regular step gradient descent optimization.
After the registration was complete, a peri-implant cylindrical volume of interest (VOI) twice the diameter of the implant (1.6 mm) and 1.25 mm in length (100 slices) was identified. This VOI was concentric with the axis of Figure 2 . (a) Three radiopaque microspheres (100 mm dia.) shown as A, B, and C, were embedded into the implants at precise locations for micro-CT scan registration at various time points. (b) Preparation for an in vivo micro-CT scan of a rat under anesthesia with both the tibiae held by a customized jig. Inset is zoomed image showing the rat hind limbs held together at the knees by a velcro tie and ankles fastened by the customized jig for simultaneous imaging. (c) Novel customized rat restraint jacket was designed to prevent the rodents from disturbing the percutaneous implants. The rat jacket was built out of a polyethylene plastic exterior with a soft cloth like material, shown in black, in the interior. There were two shoulder straps designed to go around the arms of the rodents and attach to the back of the jacket using the velcro strips.
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999 the implant as known from the microsphere coordinates. The implant cylinder volume (0.8 mm dia.) was subtracted to create a tubular VOI (Fig. 3b) , which was then binarized with a level (threshold) determined from the lowest point in the trough between the two peaks of the image histogram having a bi-modal distribution (Fig. 3c) . The above tubular VOI extended 0À400 mm radially, away from the implant surface. Additionally, this VOI was split into tubular VOI's with 0À200 mm and 200À400 mm proximity to the implant for additional analysis (Supplementary Fig. S2 ). Bone volume fraction (bone volume [BV]/ total volume [TV]) was determined utilizing the known voxel size. By comparing consecutive scans and subtracting each consecutive scan from the previous time point, voxel by voxel, resorbed, newly formed, and quiescent bone regions were identified. The bone-formation rate (BFR) was calculated as a ratio of new bone volume to total bone volume divided by the number of days between the two scans (%/day). 22 The bone-resorption rate (BRR) was calculated similarly but using resorbed bone.
Reproducibility was assessed for all the remodeling parameters (BV/TV, BFR, and BRR) shortly after animal sacrifice at the end of the experiment in two additional animals. Two unloaded rat limbs were scanned ex vivo five times each with a similar protocol used for the in vivo measurements with repositioning of the limbs between the scans. The repeated scans thus correspond to the last in vivo measurements at day 12 and were registered to their respective previous measurement scan at day 9. Parameters BV/TV, BFR, and BRR were calculated. The reproducibility was characterized using precision errors (PE) as described in ref. 32 ; therefore, the bone parameters were expressed both in absolute values (PE SD ) and as coefficients of variation (PE %CV ).
28
Implant Pull-Out Test Following euthanization at day 14, loaded and unloaded rat tibiae (n ¼ 5) were explanted and stored in phosphatebuffered saline for immediate pull-out tensile testing (LM1 TestBench). The tibia was positioned flush against the bottom side of an aluminum plate, which was fastened to the mechanical test frame. After removing the housing cap, the exposed head of the implant was connected to the 222 N load cell (Interface, Inc., Scottsdale, AZ) via a custom-made clamp (Fig. 4) and was then subjected to a constant pull rate . Implant pull-out test set up following euthanization. Implants were pulled out from rat tibiae using the exposed implant head (appearing tan colored, following cap removal). The tibia (located beneath the field of view in this photo) was attached to an aluminum plate allowing the implant fixation strength to be tested. The implant head was carefully connected to the load cell using a custom-made clamp.
1000
JARIWALA ET AL. of 5 mm/s. The alignment of the implant head was assured visually by capturing macro-lens images (before pull-out test began) using a Canon Ultrasonic 100 mm Macro lens camera (Fig. 4, Supplementary Video VS1) . The actuator force was measured and plotted against displacement, and the peak pull-out force was determined.
Histology
After pull-out testing, each rat tibia was dissected and fixed in 10% neutral buffered formalin solution for 3 days before dehydration in a series of ethanol solutions with ascending concentration (70%, 80%, 95%, and 100%). Every specimen was defatted using xylene and xylene substitute (ClearAdvantage Cat. 24770), and then embedded by infiltration with methyl methacrylate Osteo-Bed Plus resin (Polysciences, Inc., Warrington, PA). After polymerization for 48 h at 34˚C, each specimen was cut using an Isomet low speed saw (Buehler Ltd., Lake Bluff, IL) into slices of 200 mm thickness. The slices were glued onto glass slides using Cytoseal 60 TM (Richard-Allan Scientific TM ) and ground to approximately 50-60 mm thickness. Finally, the slices were stained with Sanderson's rapid bone stain and van Geison counter stain (Dorn and Hart Microedge, Inc., Villa Park, IL). Images were taken with an upright light microscope (Nikon Optiphot2, Nikon Instruments, Melville, NY).
Statistics
Bone volumes, BFR, and BRR were analyzed using a repeated-measures design with two repeated factors per animal: group (i.e., loaded, unloaded) and day of assessment (e.g., 2, 5, 9, and 12). For this repeated measures design, general linear models (GLM) with correlated errors 33 were fit to assess the effects of group, day, and the interaction of group and day on continuous outcomes. 34 Pull-out tests also were analyzed using a GLM with correlated errors to compare the loaded and unloaded groups. The data for the different loading regimes (60 and 100 mm) within the loaded groups were lumped together for statistical analysis of the loaded group. All hypotheses tests were two-sided and all analyses were performed using SAS software, version 9.4 (SAS Institute Inc., Cary, NC). Significance was considered at a level of p < 0.05. For this study, a sample size of eight animals would provide 82% power to detect a standardized effect size, that is, the difference in means divided by the standard deviation, of 1.2 using a two-sided test having a significance level of 0.05.
RESULTS
Influence of Mechanical Loading on Peri-Implant Bone Volume Figure 5 depicts the peri-implant bone regeneration around a representative loaded implant. We saw no significant differences between bone volumes of loaded versus unloaded groups at each time point. Bone volumes and BFR were seen to be elevated at earlier time points but did not continue to increase after day 9 during the 2nd week, and even decreased in some animals ( Fig. 6a and b) . On day 9, the mean %BV/TV for loaded and unloaded limbs were 35.5 AE 10.0% (SD) and 37.2 AE 10.0% (SD), respectively. By day 9, both the loaded and unloaded peri-implant regions demonstrated statistically significant increases in BV/TV, averaging 14.6% (p < 0.0001) and 19.0% (p < 0.0001) greater than on day 2, respectively. By day 12, the mean %BV/TV for loaded and unloaded limbs were 31.7 AE 10.9% and 35.6 AE 13.0%, respectively.
Bone Remodeling Rates
The BFRs did not change significantly between time points for loaded and unloaded groups (Fig. 6b) . The BRRs (Fig. 6c) between days 2 and 5 were significantly lower than between days 9 and 12 (p < 0.05) for both groups. The BRR was significantly different between intervals 5-9 and 9-12, and between intervals 2-5 and 9-12, for both loaded (p < 0.001) and unloaded groups (p < 0.05). The BRR for both loaded and unloaded groups increased significantly from interval 5-9 to interval 9-12 (p < 0.05). We saw no significant differences between bone formation and resorption rates of loaded versus unloaded groups at each time point.
The 200-400 mm VOI had significantly higher means (by paired t-test) for BV/TV, BFR, and BRR at most time points in comparison to 0-200 mm VOI closest to the implant ( Supplementary Fig. S3 ).
Supplementary Table S1 depicts the reproducibility results of the BV/TV, BFR, and BRR for the last time interval (days 9-12). Precision error in terms of coefficient of variation, PE %CV , was 1.4% for BV/TV, with BV/TV standard deviations of 0.7% and 0.3% across the five scans for the two different animals. PE %CV for BFR and BRR were 7.5% and 5.0%, respectively. The peak force during application of cyclic loading of rat limbs at each time point is shown in Figure 7a .
Pull-Out Strength
After 14 days, maximum pull-out force was 11.2 AE 4.6 N for loaded limbs (n ¼ 5, 2 from 60 mm and 3 from 100 mm displacement) and 5.1 AE 3.0 N for the unloaded limbs (Fig. 7b) . However, we did not observe significant differences (n ¼ 5, p ¼ 0.16) in pull-out strengths between the loaded and unloaded groups. Three each from loaded and unloaded groups had premature implant losses from their tibiae after day 12 and thus were not included in the pull-out strength analyses.
Using the 0-400 mm (1.6 mm outer dia.) VOI, we did not detect any correlation between the peri-implant BV/TV at the last observation point and the pull-out strength for both groups (p > 0.05). However, a statistically significant correlation was observed between BV/TV and pull-out strength for the unloaded group (r ¼ 0.93, p ¼ 0.02, 95%CI 0.27-0.99) when analyzing the VOI within 200 mm proximity to the implant ( Supplementary Figs. S1 and S2 ).
Histology
Histological observation did not reveal any obvious differences concerning bone formation between loaded and unloaded implants at 2 weeks post-surgery, as depicted in Figure 8 . The newly synthesized bone formation was restricted to the peri-implant space (Fig. 8a and b) in both the loaded and unloaded groups.
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DISCUSSION
This study presents a novel animal model for quantifying formation and resorption in mineralized periimplant tissue across a series of time points in mechanically loaded implants. Implant loading did not significantly alter the peri-implant bone volumes, BFR, and BRR in comparison to unloaded implants. Although not reaching significance (p ¼ 0.16), an average 119% increase in pull-out strength was measured in the loaded implants compared to the unloaded implants in our study. Within 200 mm proximity to the implant, day 12 bone volume was significantly correlated with the pull-out force for unloaded, but not loaded implants. The histological analyses for both the groups showed that newly synthesized bone was deposited primarily in contact or around the implant, in-line with the micro-CT scan results.
The quantification of bone resorption and formation rates separately using micro-CT allows for direct timedependent assessment of changes occurring in the peri-implant region. 21, 26, 28 One of the significant advantages of this technique was that it allowed obtaining data from multiple time points without having to sacrifice animals compared to traditional 2D histology techniques. Our image analysis focused on trabecular bone surrounding the implants. Cortical bone thickness may play an important role in implant fixation 35 but was not measured due to difficulty identifying its boundary with the trabecular bone in some animals.
Previous literature has shown mixed effects of applied immediate implant loading on osseointegration in the peri-implant region.
5,36-38 Zhang et al. 15 reported enhanced osseointegration with immediate loading in comparison to delayed loading in a rat tibial implant model. In our study, we observed higher bone volumes at earlier time points up to 9 days post-implantation for loaded implants, in-line with previous findings. 17, 36 However, a similar increase was observed in bone formation for our unloaded implants. The unloaded implants, although not loaded externally, were not completely unloaded as the rats were allowed to ambulate freely in their cages during the entire period of this study, resulting in mechanical stimulus applied throughout both hindlimbs.
In our study, implants were loaded at a frequency of 1 Hz consistent with loading due to ambulation (as in a knee replacement). 6, 39 Rat limbs were loaded 3 days per week in order to reduce anesthesia effects. Increased frequency of loading may have altered bone remodeling. Duyck et al. 39 applied static and dynamic loads at 1 Hz to bicortical implants in rabbit tibiae and observed that excessive cyclic loading (90 or 270 cycles/day at 1 Hz) could result in bone loss lateral to the integrated implants. 39 Vandamme et al. 5 studied the effect of micro-motion (30 and 90 mm displacements at 1 Hz, three times per week) in a rabbit model and concluded that the boneto-implant contact was significantly higher for 90 mm implant displacement compared with 30 mm. However, no micro-CT scanning was performed. A recent study by Piccinini et al. 40 also reported implant losses in both loaded and unloaded groups in a bilateral rat percutaneous implant model, although unlike our study their study involved two diaphyseal (not metaphyseal) tibial implants with motion that brought the implant heads together.
It appears from the literature that higher micromotion range can be deleterious resulting in an interfacial fibrous tissue formation, whereas a lower micromotion range may stimulate interfacial bone formation. 41, 42 Wazen et al. 6 subjected implants in the mid-shaft of mouse tibiae to displacements of 150 or 300 mm, and concluded that bone remodeling was disrupted in the areas of higher strains. Pilliar et al. 41 also studied the influence of micromotion (150 mm) on bone ingrowth and concluded that micromotion >150 mm results in fibrous tissue encapsulation. The tolerated threshold of micromotion was found to lie between 50 and 150 mm 43 with up to 100 mm micromotion tolerated for implants with a bioinert surface. 44 However, it is difficult to make direct comparisons of our results with previous literature, due to variation in the implant materials, animal models, and loading frequencies used.
The high bone volumes and BFRs observed in our study on day 9 did not change significantly after day 9, whereas BRRs were observed to increase for both loaded and unloaded limbs during this time period. This subsequent increase in BRRs could correspond to the bone-remodeling process that occurs after initial tissue differentiation. Slaets et al. 36 ,45 studied 
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histomorphometrically the bone regeneration with titanium implants in rabbit tibiae and observed simultaneous osteoclast and osteoblast activity from day 7 onward. Van der Meulen et al.
17 used a rabbit model to study cancellous functional adaptation to mechanical loads and also observed a transient increase in bone mass only after 2 weeks. Interference of the early wound healing response associated with immediate implant loading may have occurred as reported in previous studies. 46 Both limbs received PEEK implants with a titanium (Ti) coating. Walsh et al. 47 reported that plasmasprayed titanium coating on PEEK improved the boneimplant interface in comparison to plain PEEK. Furthermore, previous literature has reported that tissue response to mechanical loading is also dependent on the surface characteristics of the implant 7 and that hydroxyapatite (HA) coated implant surface induces more bone contact than a Ti surface. 7, 42 Mouzin et al. 7 demonstrated that mechanical loading increased bone coverage and decreased fibrous tissue coverage around HA-coated implants, but conversely loading increased fibrous tissue coverage around Ti implants.
Use of in vivo micro-CT subjects the animals to ionizing radiation that may affect bone architecture. 48, 49 However, Waarsing et al. 23 reported a radiation exposure of 0.4 Gy for a single 20-min micro-CT scan of a rat hind limb had no significant deleterious effects on bone regeneration.
A primary limitation of the study is the limited sample size and power. Eight per group were analyzed with micro-CT parameters, but only five per group were ultimately tested for pull-out as implant loss was observed in some animals after day 12. In this study, to the best of our knowledge, the implants were unperturbed by the rats, and we attempted to minimize any such disturbance due to the use of custom made restraint jackets and Elizabethan collars. We only investigated the bone remodeling response up to 14 days of loading, thus focusing on the initial tissue differentiation phase and not long-term bone remodeling. Our loading applied is not in the direction it is normally loaded in vivo such as in knee replacements, perpendicular to the lateral surface of the tibia, 50 as this was deemed not feasible in a rat model. A limitation is that dynamic histomorphometry was not performed and it can detect bone formation at higher resolution than our micro-CT based method. However dynamic histomorphometry cannot assess bone formation and resorption at multiple time points in the same animal as possible with in vivo micro-CT based methods.
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